It is important to investigate the kinetics and mechanisms of the thermal reaction process of ethers in order to understand more deeply high-temperature reactions and to develop more efficient high-temperature cracking and processing of fossil (oil and coal) and biomass fuels. In the previous letter, 1 we reported a kinetic study on the noncatalytic pyrolysis of the asymmetric ether, anisole (methyl phenyl ether), at 1 M and at 400430°C. By the product analysis with the gas-and liquid-phase NMR we have succeeded in revealing that the thermal fragmentation of the ether is induced by not homolytic (radical) but heterolytic (ionic) CH bond fission, and that the reaction consists of the slow and the fast elementary steps: (1) The slow step is the unimolecular CH bond fission that is initiated by the intramolecular proton transfer from the methyl to the phenyl group to generate the reactive intermediate formaldehyde (HCHO*). (2) The fast step is composed of the successive intermolecular proton and hydride transfers over the electronegative oxygen atom from the thermally excited intermediate HCHO*, respectively, to the phenoxy and methyl groups of the parent anisole molecule. They are expressed as:
It is important to investigate the kinetics and mechanisms of the thermal reaction process of ethers in order to understand more deeply high-temperature reactions and to develop more efficient high-temperature cracking and processing of fossil (oil and coal) and biomass fuels. In the previous letter, 1 we reported a kinetic study on the noncatalytic pyrolysis of the asymmetric ether, anisole (methyl phenyl ether), at 1 M and at 400430°C. By the product analysis with the gas-and liquid-phase NMR we have succeeded in revealing that the thermal fragmentation of the ether is induced by not homolytic (radical) but heterolytic (ionic) CH bond fission, and that the reaction consists of the slow and the fast elementary steps: (1) The slow step is the unimolecular CH bond fission that is initiated by the intramolecular proton transfer from the methyl to the phenyl group to generate the reactive intermediate formaldehyde (HCHO*). ( 2) The fast step is composed of the successive intermolecular proton and hydride transfers over the electronegative oxygen atom from the thermally excited intermediate HCHO*, respectively, to the phenoxy and methyl groups of the parent anisole molecule. They are expressed as:
C 6 H 5 OCH 3 ! C 6 H 6 þ HCHO Ã ðslowÞ ð 1Þ
C 6 H 5 OCH 3 þ HCHO Ã ! C 6 H 5 OH þ CH 4 þ CO ðfastÞ ð 2Þ
As represented here, the major products of the high-pressure (concentration) pyrolysis are benzene, phenol, methane, and carbon monoxide, all in almost equal amounts. The intramolecular proton transfer induced by the COC bending mode was also observed for acetaldehyde, 2 and dimethyl and diethyl ethers; This is called "hinge reaction" at high temperature. 3, 4 When the elementary steps assumed previously (see below) were the case, CO carbon should come from the methoxy but not from the phenoxy. To test this, here we have selectively labeled the asymmetric ether, anisole, by 13 C as C 6 H 5 O 13 CH 3 . In all of the earlier papers, 512 the following radical CO pathway was postulated:
The homolytic bond breakage is assumed to take place between the ether oxygen (eq 3) and the methyl carbon to generate the methyl and phenoxy radicals, and furthermore, the ring-size reduction is presumed to give rise to CO as in eq 4. The thermal fragmentation of dimethyl ether, which is regarded as the prototype of the "unimolecular reaction," has been believed to have the radical mechanism since the pioneering work by Hinshelwood and co-workers in the 1920s. 13 The methoxy group is a key characteristic of these symmetric and asymmetric ethers, and the reactive intermediate formaldehyde* is expected to be generated for both cases. The asymmetric ether can be a promising candidate to distinguish the reaction pathways for the generated hydrocarbon fragments: benzene and methane for anisole and only methane twins for dimethyl ether. Convincing evidence is wanted to resolve the discrepancy in the mechanism of the fundamental thermal reaction. To this end we have scrutinized the CO generation pathway by applying highresolution NMR spectroscopy to the labeled anisole studied in the dark to carefully avoid the interference by photochemical radical processes. In this work the quantitative overall product analysis with the mass balance strictly confirmed by NMR is carried out to demonstrate that the reaction mechanism is correctly represented by the elementary steps given by eqs 1 and 2.
Our
1 and the other 612 investigations focus on the pyrolysis, respectively, at high (1.0 M) and low (0.110 mM) concentrations (pressures). In these works some products are common but others are different probably due to differences in method for product analysis. Here we show that the mechanistic discrepancy does not come from differences in the reaction conditions, such as the concentration and the temperature. We have scrutinized in detail the rate laws and kinetics for supercritical anisole reaction by covering wide enough ranges of concentrations and temperatures. Analytical connectivity of the kinetics between the high-and low-concentration limits has been also demonstrated. The anisole depletion rate constants in this work and those in the literature 69 are in good agreement, showing the same Arrhenius relation over the wide temperature range of 400700°C. Thus the unimolecular bond fission mechanism is the same at the low and high pressures, see eq 1.
In the following section, the experimental features are described. In the third section, the NMR spectroscopic results are analyzed quantitatively as much as possible to discuss the pyrolysis mechanism. Conclusions are given in the last section.
Experimental
The labeled anisole (H 3
13
COC 6 H 5 , purity >99%) was synthesized from phenol (Nacalai; purity >99%) and 13 C-enriched iodomethane (ISOTEC; purity >99%) by the Williamson synthesis.
14 The deuterated solvents, benzene-d 6 and toluene-d 5 were supplied by ISOTEC. Anisole was loaded into a quartz tube of 1.5-mm i.d. and 3.0-mm o.d, and 150-mm height to set the desired concentration (1.0 M) in the homogeneous gas phase at 400600°C; for example, the liquid reactant was 20 mm high at room temperature for the supercritical reaction of anisole at 1.0 M, and the pressure of the sample gasified at 500°C corresponds to 6.3 MPa according to the ideal-gas law before pyrolysis. For the reaction at a low concentration of 1.0 mM a high-precision pyrex NMR tube (Shigemi Co., Ltd.) with a diameter of 5 or 10 mm was employed. Oxygen dissolved and/or adsorbed in the sealed sample was completely removed by argon gas. In order to avoid photochemical processes, the sample was put into a steel pipe kept in advance at a desired temperature in a programmable electric furnace; the temperature was controlled within «1°C. Without opening the sample tube, the quenched gas and liquid phases were subjected to quantitative 13 C and 1 H NMR measurements at room temperature using ECA400 (JEOL) and 600-MHz spectrometer (ECA, JEOL). 13 C NMR signals in the gas phase were collected with sufficient delay times without proton irradiation in order to quantify the concentrations of the reactant and products. At high temperatures (>500°C) a number of reactor tubes were simultaneously put into the furnace and taken out as a function of reaction time. To make a correction for the effect of the dead time required for the heating of the tube the early time portion (μ1 min) was cut from all of the kinetic data. 15 The sample setup and relevant techniques for NMR measurements in the liquid and the gas phases have been described elsewhere.
14 Yields for the reactant and products were obtained from the peak intensity within an error of a few percent.
Results and Discussion
We elucidate reaction pathways and mechanisms by monitoring all of the intermediate and final products of 13 C-labeled and normal anisole reactants. High-resolution 1 H and 13 C NMR spectra taken in both the gas and the liquid phases are used extensively for the elemental and structural analyses under the H and C mass balances. To confirm the newly found heterolytic proton-transferred mechanism we carry out a comprehensive kinetic analysis. We show that the nonradical mechanism operates not only at high but also at low concentrations over a wide temperature range.
Product Distribution and Reaction Pathways. Figure 1 shows the 1 H and 13 C NMR spectra taken at room temperature for the study on the thermal fragmentation of anisole in the supercritical condition at 500°C. 16 In panel a, there is given the 13 C spectrum of the reactant C 6 H 5 O 13 CH 3 . Only one strong peak is observed in the high magnetic field. This is assigned to the enriched methyl carbon; in fact, the signal is a quartet due to the spin coupling of the 13 C with the three methyl 1 H's. Only when the intensity axis is expanded (not shown here) the naturally abundant phenyl carbons are observable reflecting the low ratio of 13 C (μ1%); the relative intensity of each phenyl carbon was determined to be (0.98 « 0.02)% according to 13 C NMR analysis in high precision. Correspondingly the isotope side-bands were observed as weak ones in the 1 H spectra, which are rather complicated by the fine structures of various ring-proton signals. The 13 C enrichment is so selective and extensive (>99%) that we can unambiguously discuss the CO reaction pathway.
First we discuss which products are in the liquid phase in the NMR measurement of the reaction system quenched to room temperature. Of the four major products, benzene, phenol, methane, and carbon monoxide, the ring compounds, benzene and phenol, exist in the liquid phase at room temperature as well as the reactant anisole. These ring compounds collectively serve as liquid "solvent" in the sealed quartz tube reactor of 150-mm height for the other gaseous products, CO and CH 4 . In the reaction system these small nonpolar molecules quenched are partitioned between the gas and the liquid phases depending on the solubility or Henry's constant. The CO partition ratio of the gas to the liquid phases is high as mentioned below in the closed system where the volume ratio of the gas to the liquid phases is μ13/2; the liquid volume slightly increases with the fragmentation reaction time at most by 10%. To scrutinize the CO pathway in a reliable manner we should pay attention to the spectrum in the gas phase rather than that in the liquid phase.
In panel b we see the methyl carbon destinations at the reaction time of 20 min where the pyrolysis is almost completed (yield > 95%). It turns out that the end products are 13 CO and 13 CH 4 . The former and the latter are given, respectively, by the oxidation and the reduction of the methoxy group. We can conclude that the CO comes from the methoxy in harmony with the scheme given by eqs 1 and 2. The prevailing phenoxy radical mechanism given by eqs 3 and 4 is not supported by the present investigation.
The peak intensity of 13 CO in panel b is slightly larger than that of 13 CH 4 because the solubility of 13 CO is lower than that of 13 CH 4 in the liquid "solvent;" see the 13 C spectrum in panel c. When the signal intensities of the species in panel b are compared with those in panel c, the partition mole ratios are determined to be 20(gas)/1(liquid) for 13 CO and 10(gas)/ 1(liquid) for 13 CH 4 in the present volume ratio of the gas to the liquid phase (13/2). In panel c the 13 C signal intensities of benzene and phenol are quite low as a consequence of the natural abundance (0.98% « 0.02% by NMR), and the intensities are coincidentally comparable with those of sparingly soluble 13 CO or 13 CH 4 . In any event, the ring carbons of benzene and phenol keep the natural abundance of 13 C without any scrambling by the enriched methyl carbon ( 13 C) in anisole. Thus the phenyl ring of anisole is not disintegrated during the reaction course, in disagreement with eq 4.
The heterolytic CO pathway, not from the phenoxy but from the "methoxy" as described mechanistically in Figure 2 , can be confirmed by using the 1 H spectra in panels d and e at intermediate and almost final reaction times, respectively. The ring products, benzene and phenol, are "equally" generated as in the case of the methyl-originated products, methane and carbon monoxide; note the integrated 1 H signal intensity ratio of benzene to phenol that is not 1 but 6/5 = 1.2 as shown in the expanded chart between 7.00 to 7.50 ppm in panel e, just corresponding to the ratio of the ring protons. The essential counterpart of the CO pathway from the methoxy is the retention of the phenyl ring during the proton-transferred ether bond fission. In fact, the total number of ring protons contributed from benzene (eq 1) and phenol (eq 2) does not decrease but increases as shown by the time-dependent 1 H mass balance in Figure 3 . The increase is the evidence for the proton transfer from the methyl to the phenyl to produce benzene through eq 1, which results in the increase in the number of the ring 1 H's from 5 to 6 with the total 1 H mass balanced before and after the reaction ( Figure 3 ). After the proton transfer, there is generated 13 C-labeled formaldehyde whose proton is actually observed as the doublet peak (see panel d). Energized formaldehyde*, which is conjectured to be vibronically excited by the excess energy generated by the bond dissociation, is originated as a reactive intermediate from the enriched methoxy through the intramolecular proton transfer. 17 The thermal decomposition of anisole consists of the bond breakage induced by the intramolecular proton-transfer step (eq 1) and the intermolecular proton and hydride transfer step (eq 2) as pictorially summarized in Figure 2 .
Intra-and intermolecular proton-transfer mechanisms proposed above are justified in view of the charge distribution in anisole. The phenyl ring and the oxygen atom in anisole have a negative partial charge, respectively, due to the ³ and the lonepair electrons, and the hydrogen atom of the methyl group has a weakly positive charge (μ0.1e). Hence the methyl hydrogen can slide on the oxygen atom surface as a proton from the methyl site to the phenyl surface without leaving the molecular surface. The proton migration can be driven by the thermal excitation of the internal vibration and/or rotation modes. In eq 2 the proton migration is followed by the hydride transfer from the state negatively charged by the proton leaving as the first step (Figure 2) .
Mass Balances and Mechanisms. Figure 3 shows the plots of mass balances for the elements 1 H and 13 C and conversion fractions of the four major products and the reactive . The comprehensive analysis of the products in both the gas and liquid phases enables us to examine in more detail reaction pathways; in Figure 3 note the 1 H and 13 C mass balances maintained in a high degree at each reaction time. An ideal reference value of f for the major products is obtained by adding eqs 1 and 2 to have the following overall reaction:
Here the intermediate and by-products are dropped out, and the bimolecular conversion (stoichiometric) fraction defined above takes the ideal value, 1/2. The deviation of the conversion fraction from the ideal is a measure for the competition extent (weight) of the sidereactions generating toluene and methanol. As seen in Figure 3 , each conversion fraction is slightly less than the ideal value (1/2), as a result of the conversion of the reactive intermediate, formaldehyde*, into the other by-products in addition to one of the major products, phenol. These reaction pathways for the prototypical pyrolysis are summarized in Figure 4 .
18 Let us discuss slight deviations from the above-mentioned reference value (1/2) in terms of the side-reactions. Toluene can be formed by 12 
where the migration of the methyl cation (not radical) is assumed. Methanol can be produced by the following selfdisproportionation reaction 15 of formaldehyde* via the proton and hydride transfers:
The conversion fraction of the intermediate formaldehyde* is consumed more by these side-reactions. The conversion fractions (parenthesized numbers) of the major products (underlined below), the by-products, and the intermediate at 1 min (early reaction stage) are in the following sequence: Y
Now we can confirm the competition of the side-reactions consuming the intermediate formaldehyde* as shown in Figure 4 by checking the following mass balance:
On the right-hand side of eq 9 the 1st term is the remained intermediate and the bracketed terms are corresponding to the consumed one (Figure 4) . The sum value for the right-hand side at the early reaction stage is equal to 0.48 9 , which is very close to the conversion fraction for benzene (0.48 5 ). A small amount of deviation (0.01 1 ) of the conversion fraction of benzene from the ideal is approximately equal to the value for toluene (0.01 5 ), which corresponds to the branched conversion of anisole to toluene as can be seen from the reaction pathways summarized in Figure 4 . At the almost final reaction stage (20 min) the sum value for the right-hand side of eq 9 is equal to 0.47, which is very close to the conversion fraction for benzene (0.46). The slightly increased deviation (0.03) of the conversion fraction of benzene from the ideal is equal to the value for toluene (0.03) as in the case of the early reaction stage. For the same reason the conversion fraction for benzene is the largest as seen in Figure 3 . 19 The product distribution is neither broadened nor flattened at all, in contrast to the radical mechanism where the branching and propagation take place after a long reaction run. Thus the quantitative overall product analysis based on the NMR elemental and structural analysis is in harmony with the reaction pathways established in Figure 4 . Now let us compare the products identified here with those in the literature. 512 The four major products we identified and quantified are ring-containing phenol and benzene, and the counter products, carbon monoxide and methane. A full set of these products were reported along with some other ring compounds in several papers. 1, 7, 9, 11 The presence of phenol as one of the ring products, which is a clear indication of the retention of the CO bond between the phenyl carbon and the oxygen, was reported in all of the papers 1,612 except for an MS (mass spectroscopy) study of anisole pyrolysis. 5 This earliest work at a very high temperature of 950°C referred to the possibility of formation and decomposition of phenoxy to carbon monoxide. The key product, carbon monoxide was actually reported in all of the papers 1,512 at the lower temperatures of 400600°C. 1, 69, 12 Methane was found in most of the papers. 1, 6, 7, 9, 11, 12 In several papers, 1,7,911 benzene was found as the ring product, always accompanied by phenol and carbon monoxide. All of the information on the product distribution implies the phenyl ring retention and is not contradictory to the bimolecular proton-transfer step (eq 2) followed by the unimolecular proton-transfer step (eq 1). Thus the present results on the products qualitatively agree with those previously reported despite the difference in the proposed mechanism.
Such traditional methods as GC (gas chromatography) and MS for the product analysis lack the power to differentiate molecular structures compared with NMR; GC relies upon the retention-time identity, and MS invasively destroys the molecular structure because of the use of photons or electrons to fragment original molecules into ionized species. One of the major points in this work is to discern the reaction mechanism on the basis of the elemental and structural analysis by NMR (Figure 3) . In contrast, the necessary checking of the mass balance was not done in previous reports. 512 Reaction mechanism is subject to changes depending on new information on products and intermediate so that the kinetic selfconsistency can be maintained. It is indispensable to show that the new proton-transferred mechanism is not specific to the high concentration of 1.0 M at 500°C. In the following section we proceed to a detailed kinetic analysis of the time evolution of the chemical species involved in order to scrutinize whether a new reaction channel is opened or not in low concentrations so far studied in the literature.
Kinetic Analysis. The reaction pathways in Figure 4 lead us to the rate laws expressed by the following differential equation:
where t is the time, Benzene is one of the main products and toluene is alien. The ring protons of benzene and toluene are fully deuterated in order to distinguish products of anisole from those of the supercritical solvation shell. 20, 21 It turns out that [F*] is linearly related to [A] at both temperatures, and that the linear region is separated into the high (HC) and the low (LC) concentration (pressure) regions; the crossover occurs, respectively, at [A] = ca. 650 and ca. 250 mM at 400 and 500°C in the supercritical conditions. 16 As the temperature rises [F*] significantly increases as a result of the acceleration of the slow unimolecular ether-bond fission on the phenyl side (eq 1), and in consequence, the crossover concentration decreases with increasing temperature. Although supercritical benzene-d 6 has a negligibly small effect, supercritical toluene-d 5 , which is composed of the phenyl and methyl moieties common to anisole, lowers the crossover point. 22 The relation in the HC region is expressed as:
where ¡ HC and ¢ HC are the constant parameters. In the LC region the relation is just proportional with a much larger slope:
The linear parameters used for the integration are summarized in Table 1 .
Given the linear relation between [F*] and [A]
, we can reduce the number of the variables in eq 10 and the general solution is obtained separately in the HC and LC regions:
The conventional steady-state approximation corresponds to the limiting case, ¡ HC = 0 with ¢ unknown. When an intermediate is observed as in the present case an average intercept, ¢ HCA , may be taken. The rate of the reactant depletion due to the steady-state approximation is combined to the present linear-relation approach. For the intermediate F* the rate law is:
In The apparent depletion constant in the HCSS condition is double the rate constant for the slow unimolecular step (eq 1) due to the assumption for the extremely rapid bimolecular step (eq 2). When the intermediate is accumulated up to the critical concentration ¢ HCA the reactant begins to be quickly consumed, and the depletion rate appears to be in the 1st-order with the rate constant two times faster than that of the intrinsically unimolecular step (the first term on the right-hand side of eq 10). The HCSS values of k 1 and k 2 can be obtained respectively from eqs 18 and 17. Surprisingly, the difference in the determined rate constant k 1 between eqs 14 and 18 is confirmed to be negligibly small simply because of the small slope of eq 11.
It is to be noticed that the low anisole concentration, [A] LC , can be set initially or approached inevitably at the late stage of the reaction. In the LC limit eq 15 can be switched to:
The corresponding rate law is obtained from eq 13 as follows: the [A] 2 term much (exponentially) smaller than the [A] term is dropped away from the right-hand side where ¢ = 0. Thus the depletion rate slows down in the LC limit compared to eq 18 because the much faster bimolecular step (k 2 , eq 2) disappears. This is ascribed to the dramatic reduction of the encounter probability (density multiplication) of dilute A and F* to form a reactive complex between them in the supercritical conditions.
21
Probably F* is deactivated too much nearer to the ground state in a long mean-free-path. 2224 In this LC limit the product distribution is therefore narrow with benzene and formaldehyde* or its transformed species like methanol (eq 7). Figure 6 shows how the initial depletion of anisole (A) at a high initial concentration (1.0 M) is expressed by eq 14 as long as [A] remains larger than the crossover concentration (>ca. 250 mM). When anisole is depleted below this point eq 14 cannot be used to reproduce the kinetic data; see the brokencurve in Figure 6 . The long-time portion of the anisole depletion data are represented by eq 15 (red curve) but not by eq 14. The values of k 1 and k 2 thus determined are summarized in Table 1 . The values obtained in different ways are in good agreement. Now we are ready to demonstrate the agreement of the rate constant k 1 between the HC and LC limits in a more direct manner. As compared in Table 1 , the k 1 value thus calculated for neat anisole at the initial concentration of 1.0 M is in excellent agreement with that directly obtained through eq 19 in the LC region (1.0 mM). Thus the generality of the heterolytic reaction mechanism is confirmed by the selfconsistency of the kinetics. No new channel is opened in the LC region.
One subject remaining to be scrutinized is the effect of supercritical solvent or carrier gases on the reaction pathways and the product distribution. The effect of toluene was discussed in terms of the radical mechanism in the previous works. 6, 9 All of our main products, benzene, phenol, and methane except for carbon monoxide were also reported in Ref. 9 , whereas only phenol and methane were identified in Ref. 6 . We reinvestigated the effect of toluene in the anisole (0.0011.0 M) and toluene (1.0 M) mixtures. Figure 7 displays the 1 H mass balance with respect to the anisole reaction and the time evolution of all of the species involved in the pyrolysis of 13 C-labeled anisole (H 3 13 CO 12 C 6 H 5 ; 280 mM, double the crossover concentration in the HC region) in normal toluene (H 3 12 C 12 C 6 H 5 ; 1.0 M) at 500°C. As shown, in fact, there are the four main products as well as formaldehyde*. They are all in almost equal amounts at any time as in the case of neat anisole (1 M) shown in Figure 3 . The characteristic profiles of Figure 7 are quite common to those of Figure 3 . Although the minor products, toluene (eq 6) and methanol (eq 7), are also observed, respectively, at μ1 and μ2 mM (similar to the concentration of formaldehyde*) in toluene, they are omitted to avoid the overlapping in the plots. The minor products are generated less than those in the neat reaction because of the larger value of k 2 . In addition to 13 C-labeled methane (H 4 13 C; doublet 1 H signal as seen in Figure 1 ) that comes from the enriched solute anisole, normal methane (H 4 12 C; singlet 1 H signal) and bibenzyl were observed in almost equal amounts. They are thought to be formed by the following overall reaction of supercritical solvent toluene: In any species here is no insertion of 13 C isotope. The identification of these solvent products is also ascertained by using the site-selectively deuterated anisole and toluene. The evolution of bibenzyl seems to be almost saturated when anisole is consumed, which indicates the influence of anisole on the solvent side-reaction. The reaction mechanism of this solvent side-reaction is unknown.
When toluene is added in excess [F*] is lower than that in benzene. As observed thus the toluene system can give the main products at a lower anisole concentration. These are reflected in the quantitative values of k 1 and k 2 summarized in Table 1 . The agreement of the k 1 values in the HC and LC limits are excellent. The k 1 value obtained here for anisole at high and low concentrations in toluene is in harmony with the literature (interpolated) value, 1.9 © 10 ¹3 s
¹1
, reported for anisole at low concentrations (0.20.8 mM) in toluene by Paul and Back; 6 recall that their products are quite similar to ours as mentioned above. Even when the alien gas is added in excess the reaction mechanism does not change from the heterolytic to the homolytic.
One of the most important remaining problems is the effect of temperature on the rate constant of k 1 . The Arrhenius plot of the unimolecular process is shown in Figure 8 for comparison. It is clearly shown that all of the rate constants determined by different groups at different temperatures are all lying in the single straight line within experimental uncertainties over the wide range of temperature. The general form of the Arrhenius plot for the pyrolysis of neat anisole is expressed by
Here the frequency factor A = (6.8 « 0.5) © 10 14 s ¹1 and the activation energy E a is 259 « 8 kJ mol
; R is the gas constant and T the temperature. The E a value obtained from the wide temperature range is in reasonable agreement with those reported in the narrower temperature range. 6, 7, 9 As seen in Figure 8 , however, one paper 8 reports a considerably smaller E a value. 25 Thus the anisole pyrolysis reaction discussed here is essentially the same as that so far studied. 512 The reaction mechanism proposed here is heterolytic for the reason discussed above.
Conclusion
We have focused on the combined application of siteselective labeling and high-resolution NMR spectroscopy in the gas and liquid phases in order to establish the reaction pathways and mechanism of the pyrolysis of the asymmetric ether, anisole. The reaction is composed of the elementary steps expressed by eqs 1 and 2. It is confirmed by the comprehensive product analysis that the four major products, benzene, phenol, methane, and carbon monoxide as well as the reactive intermediate formaldehyde* given by these elementary steps. In addition to the main reaction pathways, the side-reaction pathways leading to the formation of toluene and methanol by the consumption of the reactive intermediate formaldehyde* are disclosed. The conclusion drawn here on the CO generation pathway and the phenyl ring retention disfavors the prevailing mechanism that CO is generated through the phenoxy radical. 512 The pyrolysis studied is not homolytic but heterolytic over wide enough ranges of concentrations and temperatures. The self-consistency of the kinetics has been firmly confirmed. Further study on the pyrolysis of the methoxy ether, anisole is in progress by using multinuclear NMR spectroscopy and site-selectively deuterated anisole isotopes, in order to obtain more direct evidence for the proton-transfer mechanism. It is suggested that in situ vibrational spectroscopic study could provide us with more detailed quantum states involved in the pyrolysis. What are found here would make a contribution to advances in science and technology for noncatalytic thermal cracking of fuel-related compounds at high temperatures. 
